ABSTRACT Respiratory gas exchange was measured in various developmental stages of the ßea Xenopsylla conformis mycerini (Rothschild, 1904) originating from the central Negev in Israel. Gas exchange in ßeas was measured using a ßow-through respirometry system that monitored CO 2 emission. Lowest metabolic rates were found in the cocooned stage, which included prepupae, early stage pupae, late stage pupae, and preemerged adults. Newly emerged adults and feeding larvae had metabolic rates 2.5Ð3.0 times greater than those for the cocooned stages. Highest rates of gas exchange were found in feeding ßeas. The low metabolic rates of the cocooned stages is thought to contribute to their ability to survive for longer periods than free-living larvae and adults.
THE FLEA Xenopsylla conformis (Rothschild, 1904 ) is a vector of plague (Ioff 1941) and widely distributed throughout the Middle East, North Africa, and central Asia (Lewis and Lewis 1990) . Gerbilline rodents are the preferred hosts. In the South Negev highlands of Israel, X. conformis is common on the gerbilline rodent Meriones crassus Sundevall, 1842 (Krasnov et al. 1998) . Information on the survival of X. conformis under laboratory and natural conditions is scarce. Krasnov et al. (1998) reported little seasonal variation in the abundance of adult X. conformis on rodents in the central Negev of Israel between the hot dry summers (mean daily air temperature in July is 34ЊC) and the relatively cold winters (mean daily temperature in January is 12.5ЊC). In general, development and survival of ßeas is highly dependent on environmental conditions particularly temperature and humidity (Margalit and Shulov 1972 , Silverman et al. 1981 , Metzger and Rust 1997 , Kern et al. 1999 ) and the ability of off-host stages to maintain water and energy balance. Active water vapor uptake has been shown for cocooned stages of X. cheopis (Rothschild), X. brasiliensis (Baker), and Ceratophyllus gallinae (Schrank) (Edney 1947 , Humphries 1967a , Knulle 1967 , Rudolph and Knulle 1982 . Active uptake is believed to prevent death from dessication, while the prepupa or imago is quiescent within the cocoon during adverse environmental conditions or when a host is not available (Edney 1947 , Humphries 1967a .
Considering that energy balance is likely to be a major physiological inßuence upon the development and survival of ßeas, it is surprising that metabolic requirements have been investigated in the adult stages of only one species of ßea. In the cat ßea, Ctenocephalides felis (Bouché ), the quiescent adult within the cocoon has a lower metabolic rate than the emerged adult (Silverman and Rust 1985) . This lower respiratory demand is believed to contribute to the prolonged survival of the preemerged adult during extended host absences or unfavorable climatic conditions.
The objective of this study was to expand basic knowledge of ßea metabolic rates and respiratory gas exchange beyond the single report of Silverman and Rust (1985) for the cat ßea. This study examines gas exchange in the arid dwelling ßea X. conformis, and forms part of a larger project dedicated to examining the role of energy and water balance capabilities in distribution and host selection of desert dwelling ßeas. The two main questions addressed in this study are as follows: What is the respiratory demand of larvae, resting cocoon stages, emerged adults and feeding adults? How do metabolic requirements for each of these stages relate to off-host survival?
Materials and Methods
Flea Rearing and Maintenance. Laboratory colonies of X. conformis were established from ßeas originally obtained from rodents (M. crassus) trapped at the Ramon erosion cirque in the Negev desert (30Њ 35Ј N, 34Њ 45Ј E). Specimens of X. conformis were removed from the wild-trapped rodents and used to infest laboratory-maintained M. crassus. Voucher specimens identiÞed as X. conformis mycerini (Rothschild, 1904) were deposited at the Zoological Institute of Russian Academy of Science (Saint Petersburg, Russia) and the Monte L. Bean Life Science Museum, Brigham Young University (Provo, UT). Rodents infested with ßeas were housed in a glass aquarium (60 by 40 by 50 cm). Each jird was provided with a metal nesting box (10 by 10 by 10 cm), cotton nesting material, and sand to a depth of 1 cm in the bottom of the aquaria. Millet seeds and leaves of Atriplex halimus were provided ad libitum. Sand and nesting material from the aquaria were collected weekly and placed in a 25 by 15 by 10-cm plastic container in an incubator at 25ЊC and 75% RH. Humidity in the incubator was maintained at 75% RH with a pan of NaCl-saturated water (Winston and Bates 1960) . Blood meal (Garden basics blood meal, Wal Mart Stores, USA) was mixed into the sand as a food source for larvae. The material in these plastic sandboxes was sieved every day and larvae and cocoons collected. Larvae were used immediately for respirometry measurements (see below), whereas cocoons were placed in 120-ml glass jars with a nylon mesh covering to prevent escape of hatching ßeas. Emerged ßeas and cocoons at different developmental stages (i.e., between 1 and 16 d after cocoon formation, Table 1 ) were removed from the jars for metabolic measurements. Adult ßeas that hatched from cocoons in the incubator were termed newly emerged ßeas. Adult ßeas collected from rodents were termed feeding ßeas but were not inspected for blood in their guts either before or after respirometry measurements.
Respirometry. Measurements of CO 2 emission were made with a ßow-through respirometry system. This system consisted of a respirometer chamber made of 6.5 mm i.d., 3-ml volume tygon tubing. Incurrent air was scrubbed of H 2 O by a 700-ml volume drierite column and CO 2 by a 25-ml volume ascarite column and was pulled through the system at a ßow rates of 50 ml min
Ϫ1
. Flow rate was controlled by a mass ßow controller (model FC-260, Tylan, Rancho Dominquez, CA). This dry, CO 2 free air constituted the base line for all ßow-through measurements. Carbon dioxide concentration (ppm) of air exiting the respirometer chamber was sampled with a CO 2 analyzer (model 6262, LI-COR, Lincoln, NE) used in conjunction with a computerized data acquisition system (Datacan V, Sable Systems, Henderson, NV). Plumbing for the entire system, excluding the respirometer chamber, consisted of 3.3 mm i.d. tygon tubing. A stable temperature of 25ЊC for the air inside the respirometer tubing was maintained by placing the chamber and preceding 6 m of incurrent tygon tubing into a water bath (model 1013S, Fisher, Pittsburgh, PA).
Carbon dioxide emission for ßeas was recorded for 1 h with a sampling interval of 2 s. Baseline measurements were made before and after each recording to determine zero CO 2 and to correct for instrument drift. With the exception of the cocooned stages, ßeas were weighed before being placed in the respirometer chamber (model AB54, Mettler, Greifensee, Switzerland). Larvae and newly emerged adults were measured in groups (n ϭ 10) as CO 2 emission of individuals was difÞcult to distinguish from baseline levels. Larval samples used for respirometry experiments were not individually identiÞed as Þrst, second, or third instars but did not include third instars, which had evacuated their guts before cocoon formation. Cocooned stages of known age (i.e., days after collection date) were measured in the intact cocoons. Twenty cocoons of similar age (collected on the same day) were placed in the respirometer chamber for each CO 2 emission measurement. After recording, cocoons were dissected and the developmental stages inside identiÞed and weighed. Sample size for the stages inside the cocoons was extremely variable (n ϭ 4 Ð19) because not all of the cocoons contained ßeas. Stages of development for each batch of 20 cocoons also showed some variation. For this reason, CO 2 emission for each batch of 20 cocoons was considered representative of the most abundant developmental stage within that batch. Carbon dioxide emission was also recorded for two batches of empty cocoons (n ϭ 22 and 26) to determine if there was any noticeable background CO 2 output from nonßea sources within the structure of the cocoons. These two control recordings did not show CO 2 emission above baseline levels. Fed adults were measured individually and in groups (n ϭ 5). When measured in groups, adult ßeas soon settled and remained quiet in the respirometer chamber. Sex was not determined for either newly emerged or fed adults.
Data Analysis and Statistical Methods. All computerized CO 2 emission recordings were processed using the analysis package of Datacan. Each recording was converted from ppm to mlCO 2 h Ϫ1 and corrected to standard temperature and pressure. Determination of signiÞcant differences (P Ͻ 0.05) between metabolic rate and body mass for the different developmental stages of X. conformis was performed using one way analysis of variance (ANOVA) followed by a NewmanÐKeuls multiple range test (Zar 1984 IdentiÞcation of stages according to Humphries (1967b) .
Results
Observations on the Life Cycle and Development. Fed females of X. conformis leave the host and deposit eggs in sand. At 75% RH and 28ЊC, these eggs hatch after 4 Ð5 d (I.K., unpublished data). After the third larval instar, larvae cease to feed, evacuate their gut contents and spin a cocoon within 24 h. Development from egg to cocoon formation takes 9 Ð10 d (I.K., unpublished data). Inside the cocoon, double folding of the larva takes place followed by larvalÐpupal ecdysis to form a white exarate pupa. After about 4 d, the white cuticle darkens and after a further period of variable length, the adult emerges from the pupal skin and from the cocoon. Observations of development inside the cocoon are summarized in Table 1 .
Metabolic Measurements. Mass, individual metabolic rates and mass speciÞc metabolic rates did not show any signiÞcant variation (P Ͼ 0.05) between the different stages inside the cocoon (Table 2) . For this reason, these three parameters were combined for all the cocooned stages when comparing with emerged stages (Table 3 ). Lowest metabolic rates were found in cocooned stages. Feeding larvae and newly emerged adults had similar metabolic requirements, which were 2.5Ð3.0 times greater than those of the cocooned stages. Feeding adults were almost twice the mass of newly emerged adults and had the highest rates of CO 2 emission. Mass speciÞc CO 2 emission was four to Þve times greater in the feeding adults than for cocooned stages. Gas emission recordings of individual adults did not differ signiÞcantly from group recordings on a per ßea basis. The pattern of gas exchange for individual fed adults was continuous and is shown in Fig. 1 .
Discussion
This study represents the most complete characterization of metabolic rates of ßeas at various stages of development. Because CO 2 emission rates of individual adult ßeas during periods of inactivity did not differ signiÞcantly from group recordings on a per ßea basis, it can be assumed that the metabolic rates reported for adult ßeas are essentially standard metabolic rates. Standard metabolic rate is metabolism measured in resting or inactive organisms at a set temperature (25ЊC in this study). For the immobile cocooned stages, CO 2 emission rates also are representative of standard metabolic rates. For larval stages, the metabolic rate reported in this study is not the standard metabolic rate because not all individuals were inactive during the recording.
The cocooned stages form the main resting stage of many ßea species (Humphries 1967b, Silverman and Rust 1985; Metzger and Rust 1997) . In particular, the preemerged adult stage is important for prolonged survival. It is enclosed within a protective microenvironment like the prepupal and pupal stage but has the added advantage that it can emerge rapidly in response to host stimuli (e.g., temperature CO 2 or pressure, Rust 1985, Cox et al. 1999) . Because cocooned stages must survive on larval food stores (fat) until they emerge and Þnd a host, low metabolic rate would help cocooned stages survive for considerably longer periods than the more metabolically active free-living larvae and emerged adults. The low metabolic activity of the cocoon stages including the preemerged adults reported in this study agrees with the Þndings of Silverman and Rust (1985) for the adults of the cat ßea. These authors measured a rate of Cocooned stage includes prepupae, pupae, and pre-emerged adults. Results presented as mean Ϯ SD, number of replicates ϭ n, number of ßeas per replicate ϭ group size.
a Means in the same column followed by different letters indicate signiÞcant differences between stages after performing the NewmanÐKeuls multiple range test. 0.15 g CO 2 per ßea for preemerged adults at 22ЊC, which when converted to a volume of gas (STP corrected), is equivalent to 0.01 l h Ϫ1 ßea
Ϫ1
. Undisturbed emerged adult cat ßeas produced 2.9-fold more CO 2 than did preemerged adults in the cocoons. Metabolic rates of larvae, prepupae, and pupae were not measured by these authors. Silverman and Rust (1985) speculated that reduced respiratory demand by adults within the cocoon was not only important for conserving energy but also for maintaining water balance. For adults within the cocoon a reduction in respiratory water loss may occur because less time is spent with the spiracles open. Larvae however, cannot close their spiracles and thus are extremely sensitive to low humidity. In this study, gas exchange patterns of individual larvae, cocooned stages, and newly emerged adults could not be characterized in group recordings. However, individual fed ßeas showed no evidence that discontinuous gas exchange is associated with intermittent spiracular opening. Discontinuous gas exchange has been reported in many groups of insects when they are at rest (Miller 1981) , and can be detected in ßow-through respirometry systems as discrete regular bursts of CO 2 emission when the spiracles brießy open (Fielden et al. 1994, Duncan and Byrne 2000) .
Feeding ßeas had nearly double the mass of newly emerged ßeas and had mass-speciÞc metabolic rates several fold higher than the newly emerged ßeas. Increase in metabolic rate after blood-feeding has been reported in another group of hematophagous ectoparasites, ticks (Fielden et al. 1999) . As with ticks, increased metabolic rate among feeding ßeas is likely to be associated with the processes of digestion and oogenesis.
